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Bibliography  on  Atomic  Transition  Probabilities  ' 


B.  M.  Glennon  and  W.  L.  Wiese 


A  bibliography  on  atomic  transition  probabilities  is  presented.  The  papers  are  arranged 
according  to  elements  and  stages  of  ionization,  and  the  method  employed  and  class  of  transi- 
tions are  indicated  behind  each  reference.  Only  articles  on  discrete  transitions,  both  per- 
mitted and  forbidden,  are  listed.  Also  included  is  a  supplementary  list  of  papers  dealing 
with  transition  probabilities  from  a  general  point  of  view,  a  table  showing  the  availability 
of  numerical  material  on  the  individual  atoms  and  ions,  and  a  table  of  conversion  factors. 


1.  Introduction 


The  numerical  data  on  atomic  transition  prob- 
abilities are  found  widely  scattered  in  the  literature 
of  the  last  40  years,  and  the  articles  are  often 
difficult  to  detect  or  quite  inaccessible  to  the  aver- 
age user,  as  in  the  case  of  dissertations  and  tech- 
j  nical  reports.  In  view  of  the  increasing  need  for 
these  constants  and  the  complexity  of  new  calcu- 
lations or  experiments  to  determine  them,  it  is 
imperative  to  assemble  and  make  generally  known 
all  the  material  which  is  already  available.  The 
present  collection  is  intended  as  a  contribution  to 
this  end. 


1.1.  The  NBS  Data  Center 

In  June  1960,  a  data  center  on  atomic  constants 
was  established  in  the  Atomic  Physics  Division  of 
the  National  Bureau  of  Standards.  The  objec- 
tives of  the  center  are  to  collect  and  catalog  all 
relevant  literature,  to  extract  and  analyze  the 
numerical  data,  and  to  prepare  and  publish  bibliog- 
raphies and  tables  of  "best"  values.    Work  is  in 

I  progress  on  collision  cross  sections  and  transition 

I  probabilities. 

The  collection  of  literature  on  transition  prob- 
abilities was  started  by  utilizing  some  recent  siu"- 
vey  articles.  Branching  out  from  these,  all  refer- 
ences and  footnotes  in  the  literature  were  scanned. 
Simultaneously,  several  abstracting  journals  were 
searched  backwards  through  the  year  1950  until  a 
complete  overlap  with  the  available  compilations 
was  insured.    Two  card  files  ordered  to  authors 

I  and  elements  were  established,  and  reprints  of  the 

I  articles  were  collected  and  cataloged.  A  large  per- 
centage of  the  articles  are  in  languages  other  than 
English ;  translations  are  being  made  whenever  the 

'  This  research  is  a  part  of  project  DEFENDER,  sponsored  by  the  Ad- 
vanced Research  Projects  Agency,  Department  of  Defense,  through  the 
Oflace  of  Naval  Research. 


language  skills  of  the  data  center  group  do  not 
suffice  for  a  critical  evaluation.  The  literature 
collection  is  now  completely  up-to-date,^  and  the 
current  literature  including  several  abstracting 
journals  is  constantly  being  monitored. 

1.2.  Scope  of  this  Collection 

Since  the  public  announcement  of  the  data 
center  in  the  summer  of  1961,  a  large  number  of 
requests  for  bibliographies  on  individual  elements 
have  been  received.  It  seems  appropriate  at  this 
time  to  prepare  a  general  bibliography,  especially 
in  view  of  the  fact  that  the  last  two  compilations 
by  Kolesnikov  and  Leskov  (Uspekhi  Fiz.  Nauk 
65,  3,  1958)  and  by  van  Regemorter  (J.  phys.  ra- 
dium 20,  907,  1959)  are  now  already  3  years  old, 
and  thus  do  not  contain  a  nmnber  of  important 
papers  published  since  then.  The  increased 
activity  in  this  field  in  the  last  few  years  is  partly 
reflected  in  the  greater  number  of  papers  accumu- 
lated in  this  collection,  namely  well  over  600,  as 
against  370  by  Kolesnikov  and  Leskov  (which  also 
includes  molecular  transitions)  and  about  250  by 
van  Regemorter.  Another  reason  for  the  in- 
creased size  of  this  collection  is  that  emphasis  was 
laid  on  a  complete  presentation  of  the  literature 
without  regard  to  the  quality  of  the  article  or  to 
the  application.  Therefore,  all  of  the  early  work 
was  included.  In  many  instances  this  is  super- 
seded by  more  refined  determinations,  but  in  cases 
where  nothing  else  is  available  this  older  material 
is  still  very  valuable  for  applications  where  a  rough 
estimate  will  do.  For  the  first  10  elements,  for 
which  a  critical  evaluation  of  the  numerical  data 
is  under  way,  all  work  superseded  by  more  refined 
determinations  or  considered  not  reliable  is  marked 
by  an  asterisk. 

2  A  few  requests  for  theses,  etc.,  are  still  outstanding. 


The  bibliography  is  restricted  to  atomic  and 
ionic  transition  probabihties  of  discrete  transitions, 
including  permitted  (electric  dipole)  as  well  as 
forbidden  (magnetic  dipole,  electric  quadrupole) 
lines.  The  "/-values"  for  bound-free  and  free-free 
transitions  are  collected  by  another  group  of  the 
data  center  under  absorption  cross  sections,  and 
the  literature  may  be  requested  there  (Atomic 
Constants  Data  Center — Collision  Cross  Sections) . 

1.3.  Availability  of  Atomic  Transition  Prob- 
abilities 

The  availability  of  transition  probabilities  for 
the  individual  elements  is  shown  in  column  4  of 
table  1.  It  is  seen  that  for  some  of  the  92  natural 
elements  no  material  is  available.  For  many 
other  elements  data  exist  only  for  the  neutral 
atom  and  the  first  stage  of  ionization.  Further- 
more, the  number  of  transitions  treated  is  often 
quite  small,  and  sometimes  only  the  /-values  for 
the  resonance  line  or  for  forbidden  lines  are 
available.  The  latter  case  is  indicated  in  the 
table  by  a  subscript  "/"  following  the  stage  of 
ionization. 

Fortunately,  the  available  literature  is  supple- 
mented by  a  few  general  treatments: 

a.  The  Coulomb  Approximation  by  D.  R.  Bates  and 
A.  Damgaard 

Bates  and  Damgaard  (Phil.  Trans.  Roy.  Soc. 
London,  Ser.  A,  343,  101,  1949)  have  shown  there 
that  the  main  contribution  to  the  transition 
integral  comes  from  a  region  in  which  the  de- 
parture of  the  potential  of  an  atom  or  ion  from  its 
asymptotic  form  is  so  small  that  it  may- be  re- 
placed by  the  latter.  This  enables  them  to 
derive  a  .general  analytical  expression  for  the 
transition  integral  and  to  compUe  tables  (for 
s-p,  p-d,  d-f  transitions).  From  these  the 
transition  probabilities  for  any  atom  or  ion  can 
immediately  be  calculated,  provided  that  the 
lower  and  upper  energy  levels  of  the  transitions 
are  known  (for  certain  other  restrictions  see  their 
article).  Comparison  of  this  method  with  other 
theoretical  and  experimental  results  shows  that 
for  simple  atoms,  i.e.,  those  with  one  electron 
outside  closed  shells,  the  agreement  is  very  good 
(with  deviations  usually  smaller  than  10  percent). 
Also,  for  many  of  the  more  complex  atomic 
systems,  especially  in  lighter  elements,  fair  agree- 
ment is  obtained. 

Following  the  development  of  the  Coulomb  ap- 
proximation a  number  of  publications,  especially 
in  the  astrophysical  literature,  contained  numer- 
ical evaluations  of  a  few  transition  probabUitics 
using  this  method.  None  of  these  are  included 
in  this  collection,  except  a  few  articles  that  con- 
tain a  large  amount  of  calculated  values  (more 
than  10  multiplets  per  stage  of  ionization).  It  is 
probably  less  time  consuming  and  safer  to  evaluate 


the  /-values  rather  than  to  look  up  articles  in  the 
hope  of  finding  just  the  particular  transitions. 
Secondly,  very  few  of  the  authors  state  the  appli- 
cability of  the  Coulomb  approximation  for  the 
individual  lines,  i.e.,  the  degree  of  interference  in 
the  transition  integral,  etc.,  providing  thereby 
incomplete  information  anyway. 


b.  The  Screening  Approximation  by  D.  Layzer  and 
CM.  Varsavsky 

This  theoretical  approach  was  recently  devel- 
oped by  D.  Layzer  (Ann.  Phys.  8,  271,  1959)  and 
applied  to  a  large  number  of  transitions  by  C.  j 
M.   Varsavsky   (Thesis,    Harvard,    1958;  and 
Astrophys.  J.  Suppl.  Ser.  6,  No.   53,  75-108,  | 
1961).    The  method  makes  use  of  wave  functions  i 
expanded  explicitly  in  powers  of  the  nuclear  ' 
charge;  consequently  it  is  especially  suitable  for  I 
the  simultaneous  treatment  of  all  elements  in  an  \ 
isoelectronic  sequence.    In  its  simplest  form,  the  i 
approximatiofi  is  based  on  screened  hydrogenic 
functions.    The  results  do  not  always  agree  well 
with  values  obtained  from  other  methods;  how- 
ever, further  refinements  of  the  theory  are  planned.  ' 
All  elements  treated  in  Varsavsky's  second,  more  I 
comprehensive  paper  (1961)  are  listed  in  column 
6  of  table  1.    In  this  article  aU  transition  prob-  I 
abilities  are  for  lines  in  the  vacuum  ultraviolet. 


c.  "Experimental  Transition  Probabilities  for  Spectral 
Lines  of  Seventy  Elements"  by  C.  H.  Corliss  and 
W.  R.  Bozman  (National  Bureau  of  Standards  Mono-  ' 
graph  53,  1962)  ( 

Recently  Meggers,  Corliss,  and  Scribner  have  I 
published  tables  of  spectral  line  intensities  for 
39,000  lines  of  70  elements  in  the  wavelength  | 
range  from  2000-9000 A.  ^  They  determined  the  I 
intensities  photographically  from  the  spectra  i 
emitted  by  a  free-burning  d-c  arc  with  copper  | 
electrodes,  into  which  0.1  atomic  percent  of  each 
element  was  mixed.  In  this  way  approximately 
uniform  conditions  for  all  elements  were  obtained.  1 
The  temperature  of  the  arc  was  determined  by  i 
comparing  the  measured  intensities  with  known  ( 
relative  /-values.  This  could  be  done  for  20  ele-  i 
ments  and  good  agreement  was  obtained,  indi- 1 
eating  the  general  consistency  of  the  data.  The  j 
derived  /-values  are  being  published  in  an  NBS  i 
Monograph,  "Experimental  Transition  ProbabU- 1 
ities  for  Spectral  Lines  of  Seventy  Elements,"  by  I 
C.  H.  Corliss  and  W.  R.  Bozman.  Although  I 
errors  in  the  absolute  values  as  large  as  factors  of } 
2  do  not  seem  to  be  unreasonable,  this  work ' 
should  be  valuable  for  aU  applications  where  high  > 
accuracy  is  not  required.  The  availability  of  this  i 
material  is  presented  in  table  1,  column  5. 


3  "Tables  of  Spectral  Line  Intensities,"  by  W.  F.  Meggers,  C.  H.  Corliss,  ' 
and  B.  F.  Scribner,  National  Bureau  of  Standards  Monograph  32,  October  ' 
1961.  ! 


VI 


d.  Two  Comprehensive  Papers  on  Forbidden  Lines 

Among  the  many  papers  on  calculations  of 
^  /-values  for  forbidden  lines  are  two  that  treat  a 
I  large  number  of  atoms  and  ions  in  which  certain 
configurations  occur.  These  comprehensive  arti- 
cles are  not  included  in  the  element  list  in  order 
to  keep  the  size  of  this  compilation  compact. 
Instead,  they  are  listed  in  table  1,  column  7  (A. 
M.  Naqvi,  Thesis  Harvard,  1951)  and  column  8 
(S.  Pasternack,  Astrophys.  J.  93,  129,  1940). 


j        1.4.  Arrangement  of  the  Bibliography 

The  bibliography  is  divided  into  two  parts. 
The  first  part  (section  3.1)  contains  all  papers 
which  deal  with  the  subject  of  atomic  transition 
probabilities  from  a  general  point  of  view.  The 
:  articles  are  arranged  according  to  the  following 
subjects: 

I     A.  Tables  of  numerical  values 

1     B.  Previous  literatm-e  compilations 

C.  Review  articles 

D.  Fundamental  relationships  and  basic  con- 
cepts 

E.  Detailed  descriptions  of  experimental  or 
theoretical  methods 

I     F.  General  comments 

G.  Environmental  influences  on  transition 
i  probabilities. 

Short  explanatory  remarks  are  given  whenever  it 
was  felt  necessary.  In  part  2  all  literature  con- 
taining numerical  values  on  the  individual  elements 
is  compiled  except  the  articles  listed  in  table  1 .  It 
is  arranged  according  to  elements,  these  being 
listed  in  alphabetical  order  by  their  chemical 
symbol.  Within  the  elements,  the  degrees  of 
ionization  serve  as  subdivisions,  and  the  papers  are 
hsted  in  chronological  order.  Thus,  for  looking 
up  /-value  literature  one  should  preferably  start 
from  the  end  of  the  list  and  work  backward  when 
the  more  recent  work  is  exhausted. 

For   the  abbreviations  of  the  jom-nals  the 
designations  in   the   "List   of   Periodicals"  of 
Chemical  Abstracts  (1956  and  Supplements)  have 
I  been  adopted  and  should  be  consulted  when  in 
,  doubt.    For  convenience,  a  list  of  abbreviations 
;  for  the  lesser  known  journals  encountered  here  is 
attached  at  the  end  of  this  collection.  Particular 
attention  should  be  given  to  the  apparent  differ- 
ences in  the  designation  of  some  Russian  journals. 
For    instance,     articles    from     the  "Zhurnal 
Eksperimental'noi  i  Teoreticheskoi  Fiziki"  avail- 
able only  in  the  Russian  language  are  listed  as 
"Zhur.  Eksptl.  i  Teoret.  Fiz."    If  they  have  been 
or  are  being  translated  privately  for  the  data 
j  center,  the  word  "translated'"  is  added  in  paren- 
'  theses  (transL).    Since  1958  the  more  important 


Russian  literature  has  been  translated  by  the' 
American  Institute  of  Physics  and  other  institu- 
tions. The  translated  versions  are  quoted.  In 
this  example  the  abbreviation  is  "Soviet  Phys. — 
JETP." 

A  number  of  Russian  workers  have  published 
their  articles  in  Russian  journals  and  also  trans- 
lated in  German  journals  (e.g.,  Prokof'ev,  V.  K., 
Z.  Physik  57,  387  (1929)  and  Prokof'ev,  V.  K., 
Zhur.  Eksptl.  i  Teoret.  Fiz.  1,  123  (1931)  for  Na  i). 
In  these  cases  a  remark  indicating  this  is  added  in 
parentheses  behind  the  designation.  The  same  is 
done  when  a  dissertation,  besides  being  published 
in  full,  is  put  into  a  journal  in  a  condensed  form 
or  when,  in  addition  to  a  paper,  talks  on  the  same 
subject  are  recorded  in  conference  proceedings. 

Under  the  column  "classification"  each  article 
is  characterized  by  one  or  more  code  words  which 
indicate  the  method  being  used  and  the  class  of 
transitions  being  investigated,  i.e.,  permitted — 
electric  dipole — lines  (nothing  added)  or  forbid- 
den— electric  quadrupole,  magnetic  dipole — lines 
("forb."  added).  The  word  relative  ("rel.") 
appears  in  all  cases  where  only  relative  transition 
probabilities  are  given.  Explanations  for  the  code 
words  are  given  in  table  2. 


1.5.  Future  Plans 

It  is  intended  to  publish  additions  or  revised 
editions  of  this  bibliography  whenever  significant 
amounts  of  new  literature  are  accumulated.  The 
ultimate  goal  of  the  data  center  is  the  publication 
of  tables  containing  "best"  numerical  values  of 
transition  probabilities.  Work  on  this  project  is 
in  progress,  and  the  material  on  the  lightest  10 
elements  should  be  evaluated  by  the  end  of  this 
year.  However,  the  preparation  of  numerical 
data  for  all  elements  must  be  considered  as  a  long- 
range  program  because  of  the  enormous  amoimt 
of  work  involved.  It  is  our  hope,  that  in  the  mean- 
time the  present  bibliography  may  be  of  assistance 
to  aU  interested  scientists. 


We  express  our  sincere  thanks  to  Dr.  R.  Heffer- 
lin,  who  assisted  effectively  in  getting  this  collec- 
tion started,  and  who  keeps  a  very  keen  interest 
in  the  progress  of  the  center,  and  to  Mary  Lake 
and  Berry  Cobb,  who  did  most  of  the  tedious 
initial  literature  search.  Melvin  W.  Smith 
participated  in  the  final  setup  of  this  bibliography 
and  offered  many  helpful  suggestions. 

We  further  thank  all  those  who  have  generously 
furnished  us  with  reprints,  copies  of  dissertations, 
and  technical  reports.  Our  special  thanks  are  due 
to  Prof.  Minnaert,  Utrecht,  and  Prof.  W.  Lochte- 
Holtgreven,  Kiel. 
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1.6.   Table  1.— Availability  of  Atomic  Transition  Probabilities 
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A.  General  availability  of  data 


Stage  of  ionization  i 
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Additional  values 
by  Corliss  and 

Bozman  2  (not  in- 
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Stage  of  ionization 
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Contents  of  comprehensive  papers  (included  in  (4)  but  not  in  the 
element  list) 
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I II  III  rv  V  VI  VII  VIII IX. 

I  II  IV  V  VI  VII  VIII  IX  X. 

I  n  III  V  VI VII VIII IX  X  XI. 
I II  III  rv  VI  VII  VIII IX  X 

XI  XII 
I  II  III  IV  V  VII  VIII  IX  X 

XI  XII  XIII 

I II  III  rv  V  VI VIII IX  X  XI 

XII  XIII/ 

I II  III  rv  V  VI VII IX  X  XI 

XII  XIII  XIV/ 
I  II  III  IV  V  VI  VII  VIII  X 

XI  XII  XIII  xrv  XV/ 

I  III  rv  V  VI VII VIII IX  XI 

XII  XIII  XIV  XV  XVI/ 

I  II  IV  V  VI  VII  VIII  IX  X 

XII  XIII  xrv  XV  XVI/ 

XVII/ 

I  II  V  VI  VII  VIII  IX  X  XI-. 
I II  VI  VII  VIII IX  X  XI  XII. 
I  II  VII  VIII  IX  X  XI  XII 
XIII 

I  II  IV/  VIII  IX  X  XI  XII 

XIII  XIV 

I II V/  IX  X  XI XII XIII  xrv 

XV 

1 II  III  rv/  V/  VI/  VII/  X  XI 

XII  XIII  xrv  XV  XVI 
I  XI  xn  XIII  xrv  xv  xvi 

XVII 

I  II  111/  XII  XIII  XIV  XV 

XVI/  XVII  xvni 

I  XIX  -  

I II  

I-   

I  III/      

I II  

in  

I II  

I II    

I II    

I    

I   -   

I II/  III/  -  _ 

I    

I II   -  

II   


1(7)' 

1(17)  11(2) 
1(4) 

1(1) 


1(12) 

1(19)  11(6) 

1(16) 

1(15) 


1(9) 


1(8) 

1(69)  11(10) 


1(230)  11(81) 

1(707)  11(178) 

1(795)  11(219) 

1(615)  11(177) 

1(290)  11(54) 

1(671)  11(80) 

1(602)  11(57) 

1(242)  11(4) 

1(46)  IiriO) 
1(18)  n(2) 

1(15) 
1(43) 
1(25) 
1(5) 


1(13) 

1(67)  11(9) 
1(260)  11(110) 
1(700)  11(322) 

1(1062)  11(314) 
1(1258)  11(208) 

1(915)  11(52) 
1(434)  11(25) 

1(76)  11(4) 

1(11)  11(4) 

1(20)  11(4) 

1(21)  11(1) 
1(59) 

1(53) 
1(12) 


1(19) 

1(79)  11(16) 
1(270)  11(272) 
11(1349) 
11(232) 
1(80)  11(275) 


I 

I  II 

I  ...  Ill 
I ...  IV 


I 

I  II 


I.  . 
I .  . 
I.  . 
I .  . 
II . 


.  V 
.  VI 
.  VII 
.  VII 
.  VIII 


I  III ...  IX 

I  II  IV  ...  X 

I  ...  Ill   V  ...  XI 

I ...  IV   VI ...  XII 


.  V  VII. 


XIII 


I ...  VI   VIII ...  XII 

I .  ..  VII   IX  .  .  .  XIII 

II .  .  .  VIII  X  .  .  .  XIV 

III .  ..  IX   XI .  .  .  XIV 

IV  ...  X   XII ...  XV 

V  ...  XI 

VI .  .  .  XII 

VII .  .  .  XIII 

VIII .  . .  xrv 

IX  ...  XV 

X  .  .  .  XVI 

XI .  .  .  XVII 

XII .  . .  XV  xvn  xvin 

XIX 


I. . . 
I. . . 
I . . . 

I .  . . 

II.  . 

III 

IV 
V 
VI 
.  VII 

I 

I II 

I .  ..  Ill 

II .  ..  IV 
III  ...  V 

Ill .  .  .  VIII 

I  rv ...  IX 

I  II  V  ...  X 
I ...  Ill  VI . . . 

XI 

rv . . .  VI 

V  ...  VII 

VI  .  .  .  VII 
I  VII  VIII 

I . . . 

IV  VII .  . 

XII 

III 

I . . . 

V   VIII .  . 

XIII 

I ...  Ill 

I . . . 

VI  IX  .  . . 

xrv 

II ...  IV 

II . . 

.VII  X  .  . 

.  XV 

III  ...  V 

Ill . 

.  .  VIII  XI 

XVI 

IV  ...  VI 

IV. 

.  IX  XII . 

.  .  XVII 

V  ...  VII 

V.  . 
VI  . 
VII . 

.  X 
.  XI 
.  .  XII 

VI  VII 

VII 

VIII 

VIII 

.  .  .  XIII 

rv  IX 

IX  . 

.  .  XIV 

V  X 

X  .  . 

.  XV 

VI  VII  XI 

XI  . 

.  .  XVI 

XII 

.  .  XVI 

VIII 


1,6.    Table  1.— Availability  of  Atomic  Transition  Probabilities— Continued 


Element 


(1) 


Sym- 
bol 


(2) 


(3) 


A.  General  availablUty  of  data 


Contents  of  comprehensive  papers  (included  in  (4)  but  not  in  the 
element  list) 


Stage  of  ionization  ' 


(4) 


Additional  values 
by  Corliss  and 

Bozman  2  (not  in- 
cluded in  (4)), 

Stage  of  ionization 

(5) 


Varsavsky  ^  (vacuum  u.v. 
lines).    Stage  of  ionization 


(6) 


Naqvi  *  (forbidden  lines) 
Stage  of  ionization 


(7) 


Pasternack ' 
(forbidden 
lines).  Stage 
of  ionization 


(8) 


Promethium. 

Samarium  

:  Europium  

GadoUnium.. 
Terbium  

Dysprosium.. 

Holmium  

Erbium  

Thulium  

Ytterbium... 

Lutetium  

Hafnium  

Tantalum  

Tungsten  

Rhenium  

Osmium  

Iridium  

Platinum  

Gold..  

Mercury  

Thallium  

Lead  

Bismuth  

Polonium  

Astatine  

Radon  

Francium  

Radium  

Actinium  

Thorium  

Protactinium 
Uranium  


Pm 
Sm 
Eu 
Gd 
Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 
Hf 
Ta 
W 
Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 
Pb 
Bi 
Po 
At 

Rn 
Fr 
Ra 
Ac 
Th 

Pa 
U 


87 


90 


I   

I  II  III  IV 

I   

I  

I  

11/...  


1(221)  11(780) 
1(298)  11(149) 
1(520)  11(581) 
1(3) 

11(86) 

1(3) 

11(78) 

1(62)  11(157) 
1(53)  11(281) 

1(82)  11(81) 
1(433)  11(309) 
1(789)  11(288) 
1(1045)  11(108) 
1(824)  11(48) 

1(912)  11(35) 
1(511) 

1(161)  11(1) 

1(26) 

1(19) 

1(18) 

1(38)  11(1) 
1(32) 


1(342)  11(789) 
1(326)  11(316) 


1  The  stage  of  ionization  is  indicated  by  a  Roman  numeral  (I=neutral  atom, 
II=first  ion,  etc.) .  A  subscript  "/"  after  the  ion  indicates  that  only  data  on 
forbidden  lines  are  available.  Hydrogen-like  ions  are  generally  not  included 
in  the  bibliographj'.  For  relations  to  hydrogen  see  section  2  (Conversion 
Factors). 

2  Corliss,  C.  H.,  and  Bozman,  W.  R.,  National  Bureau  of  Standards  Mono- 
graph 53  (1962):  "Experimental  Transition  Probabilities  for  Spectral  Lines 
of  Seventy  Elements ."   (See  section  1.3  for  discussion.) 


1.7.  Table  2. — Classification  of  Articles 


Except  where  "rel."  (relative)  appears,  all  determinations 
in  the  papers  listed  give  absolute  values. 

A.  Theoretical  methods: 

1.  SCF — self-consistent  field  calculations 

2.  CA — Coulomb  approximation 

3.  Quant. — other  quantum  mechanical  calculations 

4.  Quant,  forb. — quantum  mechanical  calculations 
for  forbidden  lines 

5.  Estim. — estimations  from  sum  rules,  etc. 

B.  Experimental  methods: 

1.  Canal — canal  ray  experiments 


3  Varsavsky,  C.  M„  Astrophys.  J.  Suppl.  Ser.  6,  No.  53,  75  (1961). 
*  Naqvi,  A.  M.,  Thesis  Harvard  (1951). 

5  Pasternack,  S.,  Astrophys.  J.  93,  129  (1940);  Publ.  Astron.  Soc.  Pacific 
51,  160  (1939).    (The  latter  is  superseded  by  the  former.) 
*The  Arabic  number  indicates  the  number  of  lines  measured. 


2. 


3. 

4. 
5. 
6. 


in  emission  (arc,  furnace, 
absorption  (King 


Emiss. — measurement 
discharge  tube,  etc.) 
Absorpt. — measurement  in 
furnace,  absorption  tube,  etc.) 
Life — direct  lifetime  measurements 
Hook — anomalous  dispersion  measurements 
Misc. — miscellaneous  experimental  methods  (mag- 
neto-rotation,  polarization,   magnetic  resonance, 
astrophysical  measurements,  etc.) 
Miscellaneous: 

1.  Comm. — comments,  additions,  or  corrections  to 
other  articles,  methods,  etc. 

2.  Incompl. — article  not  yet  classified  (because 
translation  is  needed,  incomplete  information 
available,  etc.) 

3.  Compil. — compilations 


635684  O  -  62  -  2 


IX 


2.  Conven 

The  numerical  factors  relating  the  quantities 
Am,  file,  and  S  are  given  in  table  3,  where: 

Aki  is  the  transition  probability  for  sponta- 
neous emission  (sec~^). 
fik   is    the    absorption    oscillator  strength 

(dimensionless). 
S  is  the  line  strength  in  atomic  units,  which 
are: 

for  electric  dipole  transitions  (allowed — 
denoted  by  Ea) : 

ay=QA5%XlO-^''  cm^  esu"; 

for  electric  quadrupole  transitions  (for- 
bidden— denoted  by  Eg): 

<e2=1.8088X  10-^2  cm*  esu^; 

for  magnetic  dipole  transitions  (forbid- 
den— denoted  by  Ma): 

eW/UrWeC^=8.599XlO-'^  erg^  gauss'^ 

The  wavelength  X  is  given  in  Angstrom  units. 

g  is  the  statistical  weight. 
The  factor  in  each  square  converts  by  mvdtipli- 
cation  the  quantity  above  it  into  the  one  at  its 
left.  The  upper  energy  level  of  a  transition  is 
denoted  by  the  subscript  k,  the  lower  by  i.  The 
initial  state  is  written  first,  i.e.,  i  first  means 
absorption. 

Besides  the  quantities  introduced  above,  the 
following  are  also  in  use  and  are  related  to  them  by: 

1.  Transition  probability  of  absorption  Ba 

Ba=&.Ol\'^Au; 

2.  Transition  probability  of  induced  emission 

B)ci 

5,,=6.01XM,,; 

3.  Emission  oscillator  strength /^j 

Jki —  „Ji*- 

Finally,  it  should  be  noted  that  the  line  strength  S 
is  symmetrical: 


Factors 


Table  3. — Conversion  factors 


S 

1 

6.6702X10"  ffi 

Ei 

2.026iX10i» 

Jljq 

1.6798X1018 

</iX5 

Mi  \ 
2.6972X1013  , 
ffiX3  ^ 

1.4992X10-19  X2- 
Qi 

1 

Ei 

303.7s 
!/.X 

E, 

251.8 
ff<X3 

Mi 

4.0438X10-' 
ffiX 

S 

Ei 

4.9358X10-i»ff*X3 

3.292iX10-33,X 

1 

E 

"  5.953X10-i«fftX5 

E 

'  3.971  X10-3(7.X3 

Md 

3.707«X10-iVtX3 

Mi 

247.3off,X 

Since  hydrogen-like  ions  (with  one  electron  and 
nuclear  charge  Z)  have  intensity  quantities  which 
are  simply  related  to  hydrogen,  papers  dealing 
with  these  ions  are  not  included  in  the  bibliog- 
raphy. For  convenience,  the  relations  are  given  I 
below:  | 


References  for  Section  2 

Allen,   C.   W.,  Astrophysical  Quantities   (The  Athlone 

Press,  London,  1955). 
Aller,  L.  H.,  Astrophysics:  The  Atmosphere  of  the  Sun 

and  the  Stars  (Ronald  Press,  1953). 
Condon,  E.  U.,  and  Shortley,  G.  H.,  Theory  of  Atomic 

Spectra  (University  Press,  Cambridge,  1959). 
Unsold,  A.,  Physik  der  Sternatmospharen,  2d  ed.  (Springer- 

Verlag,  Berlin,  1955). 
The  numerical  values  for  the  natural  constants  were  I 
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Rozhestvenski i ,  D.   S.,  "Raboty  po  Anomal'nol  Dispersii  v  Parax  Metallov"  (I zdatel ' stvo  Akademi i  Nauk  j 

S.S.S.R.,  1951).  1 
Rozhestvenski i ,  D.  S.  S-Penkin,  N.  P.,  J.  Phys.  (U.S.S.R.)  ^  319-337  (1941)  (anomalous  dispersion).  ! 
Slater,  J.  C,  Phys.  Rev.  2^  783-790  (1925)  (absorption),  , 
Slater,  J.  C,  "Quantum  Theory  of  Atomic  Structure",  vol.  2  (McGraw-Hill  Book  Co.,  New  York,  I96O),  I 
Soleillet,  P,,  Compt.  rend.  239.  698-7OO  (1954)  (lifetime), 

Zastavenko,  L.  G,  &Khrustalev,  0,  A,,  Optics  and  Spectroscopy  (U.S.S.R.)  H,  241-242  (I96I)   (lifetime).  t 

i 

*  *  it  i:  A  I 

''fSee  also  footnote  for  section  F.  ■ 
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F.     General  Comments* 


Allen,  C.  W.  £•  Asaad,  A.  S.,  Monthly  Notices  Roy.  Astron.  Soc,  1 15.  571-57^  (1955)   (on  f-values  for 

elements  of  the  iron  group). 
Fock,  v.,   Z.  Physik  8^,  7^7^9  (193^)   (deviations  in  f-sum  rules). 

Goldberg,  L.,  Astrophys.  J.  84,  11-13  (1936)   (normalization  factors  for  obtaining  absolute  line  strengths). 
Green,  L.  C,  Weber,  N.  E.  &  Krawi  tz,  E.,  Astrophys.  J.  1 13.  690-696  (1950   (use  of  observed  and 
calculated  energy  values). 

Gruzdev,  P.  F.  &  Startsev,  G.  P.,  Optics  and  Spectroscopy  (U.S.S.R.)  8^  461-462  (I960)   (criteria  for  LS- 
coupl i  ng) . 

Hefferlin,  R.,  J.  Tenn.  Acad.  Sci.  ^6,  76-80  (1961)   (semi-empirical   investigations  in  i soel ectroni c 
sequences) . 

Horie,  H.,  J.  Phys.  Soc.  Japan  2^  58-61   (1952)   (on  line  strengths). 

Ladenburg,  R.,  Naturwi s sens chaf ten  J_4,   1208-1213  (1926)   (on  the  dispersion  formula). 

Menzel,  D.  H.  &  Goldberg,  L.,  Astrophys.  J.  84,   1-10  (1936)   (multiplet  strengths  for  transitions 

involving  equivalent  electrons). 
Penner,   S.  S.,  J.  Opt.   Soc.  Am.  218-219  (1953)   (use  of  relative  intensity  measurements). 

Rohrlich,  F.,  Astrophys.  J.  1 29.  441-448  (1959)   (on  relative  multiplet  strengths). 
Rohrlich,  F.,  Astrophys.  J.  1 29.  449-455  (1959)  (on  f-sum  rules). 

Shortley,  G.  H.,  Phys.  Rev.  kjj  295-300  (1935)   (line  strengths  in  intermediate  coupling). 
Shortley,  G.  H.,  Phys.  Rev.  kjj  419  (1935)   (comment  on  and  addition  to  above). 

Shortley,  G.  H.,  Phys.  Rev.  ^  225-234  (1940)   (general  formulations  for  line  strengths  of  forbidden 
transi  ti ons) . 

Shortley,  G.  H.,  Aller,  L.  H.,  Baker,  J.  G.  &  Menzel ,  D.H.,  Astrophys.  J.  21>  178-184  (1941)  (strengths 

of  forbidden  lines  as  a  function  of  coupling). 
Yamanouchi,  T.,  Proc.  Phys. -Math.  Soc.  Japan  _2L   1059-1062  and  IO63-IO68  (1941)  (on  relative  mul tiplet 

strengths) . 

*  it  it  -k  -k 


G.     Environmental   Influences  on  Transition  Probabilities 


Gait,  J.  A.  6-  Welsh,  H.  L.,  Can.  J.  Phys.  ^  98-113  and  114-121  (1957). 
Michels,  A.,  de  Kluiver,  H.  &  Castle,  B.,  Physica  2^,   1131-1142  (1957). 
Michels,  A.,  de  Kluiver,  H.  &  Middelkoop,  D.,  Physica  24,  543-544  (1958). 
Moglich,  F.  &  Rompe,  R.,  Z.  Physik  120,  741-772  (1943). 
Strijland,  J.  C.  &  Nanassy,  A.  J.,  Physica  24,  935-936  (1958). 
Trumpy,  B.,  Z.  Physik  40,  594-617  (1926). 

Trumpy,  B.,  Kgl .  Norske  Videnskab.  Selskabs,   SkrifterJ,,   I-8O  (1927). 

•k  Vf  *  i(  -k 


*An  extensive  bibliography  of  articles  dealing  with  radiative  transitions  from  a  general  point  of  view 
is  presented  in,  for  example,  "Quantum  Theory  of  Atomic  Structure",  vol.  2  (McGraw-Hill  Book  Co., 
New  York,  I960)  by  J.  C.  Slater.     In  this  section  only  papers  of  practical  interest  are  listed. 
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Terpstra,  J.  &  Smit,  J.  A. 
Addink,   N.  W.  H. 
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Z.  Physik  8^  409-410  (1933)   (same  as  below). 

Zhur.  Eksptl.   i  Teoret.  Fiz.  1,  524-525  (1933) 

(transl.)   (same  as  above). 
Thesis  Utrecht  (1956).     [See  Terpstra,  J.  & 

Smit,  J.  A.,  Physica  24,  937-958  (1958)  for 

resul ts. ] 

Monthly  Notices  Roy.  Astron.  Soc.  1 17.  622-628 
(1957). 

Monthly  Notices  Roy.  Astron.  Soc.  1 17,  36-49 
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U. S.S.R.   (English  translation  of  above)  [ 
Ergebnisse  der  exakten  Naturwi ssenschaf ten  1 
Geofysiske  Publ i kasjoner.  Utgitt  av  det  Norske 

Vi denskaps-Akademi   i  Oslo 
Izvestiya  Akademi i  Nauk  S. S.S.R.   Seriya  Fi zi cheskaya j 
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Selected  Publications  of  the  National  Bureau  of  Standards 


Atomic  Energy  Levels,  C.  E.  Moore: 

Circular  467,  Volume  I.    H  to  V  (Z=l  to  23)  206  spectra.    309  p.  (1949)  $5.50 

Circular  467,  Volume  II.  Cr  to  Nb  (Z=24  to  41)  152  spectra.    227  p.  (1952)  $4.  00 

Circular  467,  Volume  III.                 (Z  =  72U,  89)}      spectra.    245  p.  (1958)  $2.  50 

An  Ultraviolet  Multiplet  Table,  C.  E.  Moore: 

Circular  488,  Section  1.    H  to  V  (Z=l  to  23);  Selected  Multiplets  of  79 

Spectra.    78  p.  (1950).  $0.  55 

Circular  488,  Section  2.    Cr  to  Nb  (Z=24  to  41);  Selected  Multiplets  of  46 

Spectra.    115  p.  (1952).  $0.  70 


,  „   ^.     „     I  Mo  to  La  (Z= 42  to  57) 

Circular  488,  Section  3.  j 


Selected  Multiplets  of  78     $0.  60 


Hf  to  Ra  (Z=72to  88) 
Spectra.    94  p.  (1961). 
Circular  488,  Section  4.    H  to  Nb  (Z=l  to  41);  Finding  List  for  Sections  1 
and  2  of  the  Table.    65  p.  (1961).  $0.  45 

Circular  488,  Section  5.  {Hf°to'Ra^(^^=^7^to*^^^l^^'^^'°^ 

3  of  the  Table.    30  p.  (1961).  $a  30 

Table  of  Wavenumbers,  C.  D.  Coleman,  W.  E.  Bozman,  and  W.  F. 
Meggers : 

Monograph  3,  Volume  I.  2000  A  to  7000  A.    508  p.  (1960)  $6.  00 

Monograph  3,  Volume  II.    7000  A  to  1000  ft.    542  p.  (1960)  $6.  00 

New  Description  of  Thorium  Spectra,  Romuald  Zalubas: 

Monograph  17,  106  p.  (1960)  $0.  65 

Tables  of  Spectral-Line  Intensities,  W.  F.  Meggers,  C.  H.  Corliss, 
and  B.  F.  Scribner: 

Monograph  32,  Part  I.    Arranged  by  Elements.    474  p.  (1961)  $4  00 

Monograph  32,  Part  II.    Arranged  by  Wavelengths.    272  p.  (1961)  $3.  00 

The  above  publications  may  be  purchased  from  the  Superintendent  of  Documents,  U.S.  OoTernment 

Printing  Office,  Washington  25,  D.O. 

A  JNfultiplet  Table  of  Astrophysical  Interest,  C.  E.  Moore.  A 
Reprinting  of  the  1945  Multiplet  Table  (Princeton  Univ.,  Obs, 
Contr.  No.  20) : 

Technical  Note  36  (PB151395),  Part  I    Table  of  Multiplets,  and  Part  II 

Finding  List,  XX295lA-13164A.    242  p.  (1959).  $4  00 

The  above  Technical  Note  may  be  purchased  by  the  PB  number  from  the  Department  of  Commerce, 
Office  of  Technical  Services,  Washington  26,  D.O. 
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U.S.  Depaktment  op  Commerce, 
Luther  H.  Hodges,  Secretary. 

National  Bureau  of  Standards, 
A.  V.  As  tin,  Director. 

THE  NATIONAL  BUREAU  OF  STANDARDS 

The  scope  of  activities  of  the  National  Bureau  of  Standards  at  its  major  laboratories  in 
Washington,  D.C,  and  Boulder,  Colorado,  is  suggested  in  the  following  listing  of  the  divisions 
and  sections  engaged  in  technical  work.  In  general,  each  section  carries  out  specialized  research, 
development,  and  engineering  in  the  field  indicated  by  its  title.  A  brief  description  of  the  ac- 
tivities, and  of  the  resultant  publications,  appears  on  the  inside  of  the  front  cover. 

WASHINGTON,  D.C. 

Electricity.  Resistance  and  Reactance.  Electrochemistry.  Electrical  Instruments.  Magnetic  Measurements. 
Dielectrics.    High  Voltage. 

Metrology.  Photometry  and  Colorimetry.  Refractometry.  Photographic  Research.  Length.  Engineering 
Metrology.    Mass  and  Scale.    Volumetry  and  Densimetry. 

Heat.  Temperature  Physics.  Heat  Measurements.  Cryogenic  Physics.  Equation  of  State.  Statistical  Physics. 
Radiation  Physics.  X-ray.  Radioactivity.  Radiation  Theory.  High  Energy  Radiation.  Radiological  Equipment. 
Nucleonic  Instrumentation.    Neutron  Physics. 

Analytical  and  Inorganic  Chemistry.  Pure  Substances.  Spectrochemistry.  Solution  Chemistry.  Standard  Refer- 
ence Materials.    Applied  Analytical  Research.    Crystal  Chemistry. 

Mechanics.  Sound.  Pressure  and  Vacuum.  Fluid  Mechanics.  Engineering  Mechanics.  Rheology.  Combustion 
Controls. 

Polymers.    Macromolecules:  Synthesis  and  Structure.    Polymer  Chemistry.    Polymer  Physics.    Polymer  Charac- 
terization.   Polymer  Evaluation  and  Testing.    Applied  Polymer  Standards  and  Research.    Dental  Research. 
Metallurgy.    Engineering  Metallurgy.    Microscopy  and  Diffraction.    Metal  Reactions.    Metal  Physics.  Electrol- 
ysis and  Metal  Deposition. 

Inorganic  Solids.  Engineering  Ceramics.  Glass.  Solid  State  Chemistry.  Crystal  Growth.  Physical  Properties. 
Crystallography. 

Building  Research.    Structural  Engineering.    Fire  Research.    Mechanical  Systems.    Organic  Building  Materials. 
Codes  and  Safety  Standards.    Heat  Transfer.    Inorganic  Building  Materials.    Metallic  Building  Materials. 
Applied  Mathematics.    Numerical  Analysis.     Computation.     Statistical  Engineering.     Mathematical  Physics. 
Operations  Research. 

Data  Processing  Systems.  Components  and  Techniques.  Computer  Technology.  Measurements  Automation. 
Engineering  Applications.    Systems  Analysis. 

Atomic  Physics.  Spectroscopy.  Infrared  Spectroscopy.  Solid  State  Physics.  Electron  Physics.  Atomic  Physics. 
Instrumentation.  Engineering  Electronics.  Electron  Devices.  Electronic  Instrumentation.  Mechanical  Instru- 
ments.   Basic  Instrumentation. 

Physical  Chemistry.   Thermochemistry.   Surface  Chemistry.   Organic  Chemistry.   Molecular  Spectroscopy.  Molec- 
ular Kinetics.    Mass  Spectrometry. 
Office  of  Weights  and  Measures. 

BOULDER,  COLO. 

Cryogenic  Engineering  Laboratory.  Cryogenic  Equipment.  Cryogenic  Processes.  Properties  of  Materials.  Cryo- 
genic Technical  Services. 

CENTRAL  RADIO  PROPAGATION  LABORATORY 

Ionosphere  Research  and  Propagation.  Low  Frequency  and  Very  Low  Frequency  Research.  Ionosphere  Research* 
Prediction  Services.  Sun-Earth  Relationships.  Field  Engineering.  Radio  Warning  Services.  Vertical  Soundings 
Research. 

Radio  Propagation  Engineering.    Data  Reduction  Instrumentation.    Radio  Noise.    Tropospheric  Measurements. 
Tropospheric  Analysis.    Propagation-Terrain  Effects.    Radio-Meteorology.    Lower  Atmosphere  Physics. 
Radio  Systems.    Applied  Electromagnetic  Theory.    High  Frequency  and  Very  High  Frequency  Research.  Modu- 
lation Research.    Antenna  Research.    Navigation  Systems. 

Upper  Atmosphere  and  Space  Physics.  Upper  Atmosphere  and  Plasma  Physics.  Ionosphere  and  Exosphere  Scatter. 
Airglow  and  Aurora.    Ionospheric  Radio  Astronomy. 

RADIO  STANDARDS  LABORATORY 

Radio  Physics.  Radio  Broadcast  Service.  Radio  and  Microwave  Materials.  Atomic  Frequency  and  Time-Interval 
Standards.    Millimeter- Wave  Research. 

Circuit  Standards.  High  Frequency  Electrical  Standards.  Microwave  Circuit  Standards.  Electronic  Calibration 
Center. 
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